In this paper, a new methodology for stability assessment of a smart power system is proposed. The key to this assessment is an index called betweenness index which is based on ideas from complex network theory. The proposed betweenness index is an improvement of previous works since it considers the actual real power flow through the transmission lines along the network. Furthermore, this work initiates a new area for complex system research to assess the stability of the power system. Index Terms--Transient stability, complex network, smart grid, bus admittance matrix.
II. POWER SYSTEM AS A COMPLEX NETWORK
To analyze the power system within the context of complex network theory, the first step is to model the system as a graph [18] . From the perspective of network theory, a graph is an abstract representation of a set of objects, called nodes or vertices, where some pairs of the objects are connected via links or edges. The power system of today is a complex interconnected network which can be subdivided into four major parts of generation, transmission, distribution and loads [19] . To portray the assemblage of various components of power system, engineers use single-line or one-line diagram which provides significant information about the system in a concise form [20] . Power is supplied form the generator nodes to the load nodes via transmission and/or distribution lines. Since for a given operating condition, power flows only in one direction, a directed graph can be easily constructed from the single-line representation of the power system considering various generators, bus bars, substations, or loads of the system as nodes or vertices and transmission lines and transformers as edges or links between various nodes of the system. The principle of mapping is described as follows: a) all impedances between any bus and neutral are neglected, b) all transmission and/or distribution lines are modeled except for the local lines in the plants and substations, c) all transmission lines and transformers are modeled as weighted lines, the weight is equal to the admittance between the buses, and d) parallel lines between buses are modeled as an equivalent single line. To illustrate mapping of a single-line diagram to a directed graph, a simple example of IEEE 30 bus system [21] is used here. Fig. 1 depicts the IEEE 30 bus system with 30 bus bars, and 41 links connecting them. Fig. 2 is the corresponding mapped graph from the original IEEE 30 bus system. It contains 30 nodes/vertices which correspond to the slack, voltage-controlled, and load bus bars of the original system. The transmission lines are represented by the 41 links/edges which connects various nodes. Now, the weight matrix from the graph has to be formulated. The traditional modeling approach only considers the physical connection [3] , [22] - [26] , the weight matrix, W, (also called adjacency matrix or Boolean matrix) is calculated by considering only the physical topology of the graph. If there is a connection between node i and node j then the corresponding element of the weight matrix w ij = 1, otherwise w ij = 0. The weight matrix found in traditional model has no sense of directionality, i.e., when nodes i and j are connected w ij = w ji = 1. This model does not capture the electrical power system's most important trait like impedance which plays a significant role in the flow of power, losses, stability of the system. Several researchers have considered the reactance of the line [9] , [27] , neglecting the line resistance which is very small for transmission systems. But, in order to generalize the model for both the transmission and the distribution system, the impedance, (i.e., both the reactance and resistance) needs to be taken into consideration. This approach based on bus admittance matrix is well adopted by various researches in the power system [18] , [28] . In this case, the weight matrix can be found from the off-diagonal elements of the bus admittance matrix. For an n bus system the node-voltage equation is written in the matrix form as: 
where, Y bus is the bus admittance matrix. The diagonal elements of the bus admittance matrix correspond to the sum of the impedances of the lines connected to each bus of the system. Since diagonal elements are not included in weight matrix, in effect, the role of various impedances connected from the bus to the neutral is not considered here. The offdiagonal elements are equal to the negative of the equivalent admittance between the nodes. They are known as the mutual or transfer admittances. So, in this case the ij-th element of the weight matrix can be found from w ij = Y ij . Here, it is obvious that Y bus is a symmetric matrix, i.e., Y ij = Y ji . So, the directionality of the power flow is not considered in this model. The information of the direction of power flow within a network can be found from load flow analysis. By conducting power flow we can find the voltage magnitudes and angles of all the buses within the system. If there is a link between bus i and bus j, if voltage angle of bus i is higher than that of bus j, then power flows from bus i to bus j, otherwise power flows in the reverse direction, i.e., from bus j to bus i. The weight matrix is constructed using the following rule:
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III. TOPOLOGICAL STATISTIC PARAMETER IN POWER GRID
This section describes some basic statistic parameter of power grid within complex network framework. All of these parameters come from graph theory, the branch of mathematics that deals with networks [29] .
A. Degree
The number of links, directed or undirected, connected with a node i in a graph is called the degree of the node, d i . For the IEEE 30 bus system in Fig. 3 the degree of various nodes are given in Table II . When the graph is directed, the out-degree of a node is equal to the number of outward-directed links, and the in-degree is equal to the number of inward-directed links. The in-degree and out-degree of the IEEE 30 bus system is given in Table III . The hub of a graph is the node with the largest degree. So node 6 with degree 7 is the hub of IEEE 30 bus system. The degree sequence distribution of nodes of the IEEE 30 bus system is shown in Fig. 4 . 1  2  11  1  21  2  2  4  12  5  22  3  3  2  13  1  23  2  4  4  14  2  24  3  5  2  15  4  25  3  6  7  16  2  26  1  7  2  17  2  27  4  8  2  18  2  28  3  9  3  19  2  29  2  10  6  20  2  30  2 1  0  2  11  1  0  21  2  0  2  1  3  12  2  3  22  1  2  3  1  1  13  0  1  23  1  1  4  2  2  14  1  1  24  3  0  5  2  0  15  2  2  25  1  2  6  2  5  16  1  1  26  1  0  7  1  1  17  2  0  27  1  3  8  2  0  18  1  1  28  1  2  9  1  2  19  2  0  29  1  1  10  2  4  20  1  1 
B. Clustering Coefficient
Every node directly connected with a given node is called the neighbor of that node. If there are d i such neighbors of a node i, it means that there may be [d i (d i -1)]/2 potential links among the neighbors of the node i. Suppose that the neighbors share c links; then the clustering coefficient of node i, Cc(i), is the ratio between actual number of links and maximum possible links.
The clustering coefficient of an entire graph is the average over all node clustering coefficients. If there are n nodes in the whole system the clustering coefficient of the whole system or graph G, CC(G), is
The clustering coefficient of IEEE 30 bus system is 0.2348.
C. Characteristic Path Length
The length of a path is equal to the number of links between starting and ending nodes of the path. Path length is measured in hops-the number of links along the path. The distance between two nodes along a path is equal to the number of hops that separate them. It is possible for a graph to contain multiple paths connecting nodes. Generally, the shortest path is used to calculate the distance between nodes i and j. This is also known as the direct path between two nodes. The average path length of a graph is equal to the average over all direct paths. This metric is also known as the characteristic path length of the graph. The diameter of the graph is the maximum distance between any pairs of nodes [3] . The characteristic path length and diameter of the IEEE 30 bus system is 3.43 and 7 hops respectively. 
IV. STABILITY ASSESSMENT OF SMART POWER SYSTEM
A small power system that includes self-contained generation, transmission, distribution, sensors, energy storage, and energy management software is called a micro smart grid [30] . This micro grid has a seamless and synchronized connection to a utility power system but can operate independently as an island from that system. Interconnections are required within several micro smart grids or between today's regional grid layouts and planned renewable energy generators to form future mega grids [30] to transmit electricity to any region where needed. The vision of the grid is to also eliminate congestion problems and balance loads from intermittent energy sources across regions. It is also known as super grid or national grid.
When multiple micro smart grids will be interconnected, they could have a substantial influence on grid stability. Undesirable dynamic interactions could cause key, heavily loaded transmission lines to trip, interrupting power exports and imports between areas. However, if micro grids are designed with their dynamic impact on the transmission system taken into account, i.e., analyzing transient stability beforehand, they can enhance the stability of the transmission lines, which could permit transmission power limits to increase. The transient stability of the system depends on the transfer reactance which is heavily reliant on the topological structure of the power networks. Hence some of the complex network concepts and techniques may be applicable to help analyze the stability of smart grid systems. Ideas from the complex network theory have been used in this paper to find whether a smart power system will be stable or not when subjected to transmission line removal from the system due to fault or overloading.
Research is ongoing on power system vulnerability analysis using complex network theory. There are some critical links in every network which can make the system very vulnerable to attacks. The complex network theory has been used to explain some phenomenon like cascading effects in a power system and identification of vulnerable line. In this paper we address the stability or synchronization issue which is immediate consequence of random or intentional attack on a network by introducing a new vulnerability index called line betweenness which relates to the system stability. Betweenness measures the extent to which a line or edge lies in the shortest paths between various sets of nodes [15] . In order to calculate the betweenness we follow the following steps:
(a) Model the power system as a directed graph from the power flow solution according the mapping procedure described earlier. Table V gives critical lines of the system. To test our hypothesis we performed the multimachine stability analysis of the system. The system is faulted initially and to clear the fault a line is removed from the system at 1 second and the relative swing of the generators with respect to the slack bus is observed to check whether the machines are swinging back to the equilibrium position or going out of sync. It is found that if the lines with high vulnerability are removed the machines cannot maintain synchronism. The lower the vulnerability, the higher is the chance for the postfault system to be stable. Table V also compares two different approach of calculating betweenness. In past approach researchers ignored the load of the system [27] . It can be seen from the Fig. 1 of the IEEE 30 bus system that this system consists of only two generators one at bus 1 and other at bus 2. So the impact of removing line 1-3 should be higher than removing lines 6-7, or 6-8. The past approach gives priority to lines 6-7 or 6-8 than the line 1-3 in terms of betweenness index. This is clearly a shortcoming of the past approach since removing line 1-3 would leave only one path to flow power from source to the rest of the system via bus 1 making the system more susceptible to collapse. The proposed approach improves the betweenness of line 1-3 and gives it priority that line 6-7.
To verify our assumption, we simulated the swing equations for this multimachine system and the results are depicted in Figs. 5-7. The simulation results are also tabulated in the third column of the present and past approach of Table V. Transient stability analysis of the network was performed [32] . We can remove any line of the interconnections and see the effect on the relative swings of the machines. The swing equation is the very basic form that we used as given in (6) Next, in order to find the sensitivity of the proposed betweenness index with topology the generator of bus 1 of IEEE 30 bus system is shifted to other buses. This causes change in network topology since changing the generator bus causes a redistribution of power flow. Hence, critical lines of the system change as well. Table VI lists top ten critical lines of the IEEE 30 bus system with generation of bus 1 shifted to buses 3, and 23 respectively. The simulation is repeated for IEEE 57, 118, and 300 bus test system. Tables VII summarizes top fifteen critical lines in IEEE 57, 118, and 300 bus systems. From simulation it can be concluded that there exists a margin in the proposed normalized betweenness index. It can be said that lines with normalized betweenness higher than 0.5 is most critical and can cause stability problem when subject to fault. So, special attention must be given to these critical lines. Again, a line whose normalized betweenness index falls below 0.5 requires less care and maintenance. The normalized betweenness of various IEEE 57 bus test systems is shown in Fig. 8 which also a margin of stability. Fig. 8 . Normalized betweenness for IEEE 57 bus system.
V. CONCLUSION
In this paper, we demonstrated the use of complex network theory for vulnerability analysis of power systems after ting into considerations actual electrical parameters. The simulation of various IEEE standard test systems using the method proposed in the paper and other methods used by earlier researchers show clearly that the proposed method is
